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ABSTRACT 
In order to have a large production of electricity by wind, many wind turbines are 
installed on the same site, called a large wind farm. The connection of a large wind farm 
to the grid has raised new and challenging questions for the operation of the electrical 
grid. In this research we will be addressing these questions: 
1. How can a large wind farm with multiple wind turbines be represented by just one 
equivalent single machine to study the load flow and stability? How well does the 
equivalent single machine capture the behavior of the large wind farm during a 
simulation study?  
2.  When a short circuit happens in a large wind farm, some wind turbines trip while 
others do not. What is the mechanism to understand and control the number of tripping 
wind turbines?  
3. Is there any way to improve the low voltage ride-through of a large wind farm using 
intelligent devices to control the impact of a short circuit? 
The study is conducted using the General Electric GE doubly fed induction generator 
wind turbine modeled in the PowerWorld Simulator. 
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Through this research, we have shown that: 
 A large wind farm using the GE DFIG wind turbines can be consistently 
aggregated to one equivalent machine for load flow and transient stability studies.  
 The low voltage ride-through response can be improved by inserting a self-
impedance between the faulted feeder and the rest of the large wind farm during the 
fault. This impedance will reduce the number of wind turbines tripping during the fault, 
and increase the voltage stability of the wind farm.  
 An intelligent device can be used within a large wind farm to locate a default 
feeder and automatically insert the self-impedance during the time of short-circuit. 
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1. INTRODUCTION 
The oil shock in the 1970’s and the subsequent soar in prices, the energy independence 
policies of governments, and the need to reduce the global emissions of greenhouse 
gases produced from electric power generation, have triggered the search for new, 
cleaner and domestic sources of electrical power. The power industry has focused on 
the development of new renewable sources such as wave, wind, solar, geothermal, 
biomass, and hydrogen to generate electricity. Electrical energy produced by wind 
turbines is called upon to make an important contribution alongside conventional 
sources of electricity. Government at many levels has implemented several policies to 
encourage investors in wind generation. These include incentives such as the Federal 
Production Tax Credit of 1999, the Renewable Energy Credit, the Property Tax Credit, 
State Green Power Purchasing, and the Renewable Energy Trust Fund.  
Better wind resources are available in remote locations or specific regions, so large 
quantities of electricity need to be moved from wind farm sites to load centers like large 
cities and industrial facilities. To maintain the reliability of the electrical grid, a perfect 
understanding of wind turbine modeling and simulation is needed with new 
investments in grid construction.  
In order to harvest more electrical energy from wind and maximize the benefit of this 
free and clean prime mover, wherever available in sufficient quantity, many wind 
turbines are installed on the same site through a local electrical network and connected 
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to the electrical grid. Such an installation is called “a large wind farm.” The total power 
of a large wind farm is expected to be the summation of power from individual wind 
turbines. In a large wind farm, while the turbines may be identical, the collector system 
is not identical for all wind turbines. The design of a collector system depends on land 
availability, wind distribution, power losses, and operating and troubleshooting 
conditions. 
The electrical generation technology used in wind turbines has progressed from a simple 
induction machine to a doubly fed induction generator (DFIG). The DFIG is the most 
used type of electrical machine for large-scale wind-electric energy production because 
it allows for better control of reactive power and improves the reliability of the electrical 
grid during a short circuit. It has an important electronic solid-state voltage converter 
incorporated in such a way as to change the behavior of the wind generator to meet the 
transmission system interconnection requirements.  
A large wind farm may have up to six hundred wind turbines. For a large wind farm, 
representing each individual wind turbine, each pad mount transformer, and each 
collector system branch during an electrical study will considerably increase the amount 
of computer resources needed, in addition to being time-consuming and inappropriate 
for some studies. To solve this problem, the large wind farm may be reduced (or 
aggregated) to a single wind turbine equivalent with an equivalent collector system. This 
leads to the question: What is the best equivalent representation of a large wind farm 
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for solving the power flow and studying both the transient stability and low voltage ride-
through?  
The answer to this question is linked primarily to the mathematical model used to 
represent the wind turbine. Wind turbine manufacturers in the market include General 
Electric (GE), Vestas, Gamesa, Siemens, Suzlon, Hyundai, etc. Information about their 
wind turbine modeling is mostly kept confidential because of the high competition in 
the market. In this work, we will be using the GE model especially for the wind turbine 
DFIG as it is published.  
In this research, we will start modeling, with the PowerWorld Simulator, an existing 
large wind farm of 120 turbines. In the second step, we will aggregate from 120 down to 
8, and in the last step the 8 wind turbines equivalent will be reduced to a single 
equivalent wind turbine. As a way to study the impact of neglecting or including the 
medium voltage collector system, in the first scenario, we will use the National 
Renewable Energy Laboratory (NREL) algorithm for equivalencing the collector system 
reduction and another scenario ignoring the collector system.  In the second scenario, 
we will assume that the impedance of feeders within the collector system is too low 
compared to the impedance of pad mount transformers, as they are connected in 
series, and we will ignore the collector system. 
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A power flow study will be conducted in the different cases to compare the flow of 
electricity on common devices. A transient stability study will be conducted with all 
cases to study the wind farm voltage response during a short circuit at the point of 
interconnection to the grid, and finally a low voltage ride-through will be studied by 
simulating faults within and outside of the medium voltage collector. For a fault within 
the collector system, the study will examine how to reduce the number of units tripping 
from the grid during the short circuit. 
In this thesis, we will not publish detailed data concerning the configuration of the wind 
farm, according to the terms of the confidential agreement. We will publish the one-line 
diagram and the global results of the simulations. 
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2. GRID INTEGRATION OF WIND ENERGY  
2.1 Wind Turbine Types 
Wind turbines are classified into four major types [1] as illustrated in Figure 2.1: 
• Type 1: Induction generators with fixed rotor resistance 
• Type 2: Wound rotor induction generators with variable rotor resistance 
• Type 3: Doubly fed induction generators (DFIGs) 
• Type 4: Full converter generators 
 
Figure 2.1: Types of wind turbine generators  
 
Type 1 is a wind turbine which is directly connected to the grid. It has a gear box to 
maintain constant frequency to the grid as the wind speed changes. It consumes 
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reactive power from the grid. A bank of external capacitors is added to improve the 
power factor. 
Type 2 represents a wind turbine from an induction machine with a wound rotor. The 
rotor is connected to a resistor. During short circuit conditions, both type 1 and type 2 
turbines must be disconnected immediately from the grid and cannot be used as a large 
source of electricity generation. During the short circuit, they take a significant amount 
of reactive power from the grid, increasing the voltage drop and negatively impacting 
the overall voltage stability of the grid.  
Type 3, the DFIG, is a wind turbine with a stator connected directly to the grid. The rotor 
is connected to the grid at a fixed frequency through a back-to-back electronic converter 
which converts from ac to dc and then back to ac. The type 3 wind turbine is capable of 
producing and consuming reactive power within given limits by changing the magnitude 
of rotor currents. The DFIG can stay connected to the grid during a fault because it can 
supply reactive power to sustain the voltage level. It is said that wind turbine type 3 can 
ride through the fault. 
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2.2 Electrical Grid Simulator 
Reproducing an electrical power system in a lab is too costly to be practical. Therefore 
modeling and simulation are done on a computer in order to understand the system 
behaviors. Planning engineers, operations engineers, and design engineers all use 
simulations to study electrical power systems.  
A visualization that can be made in a software package such as PowerWorld Simulator 
packs a large amount of information into a single computer-generated image, enabling 
viewers to interpret data more rapidly and more accurately than ever before [2]. 
PowerWorld is a tool to make more complex electrical computations and decisions 
easily understandable not only for engineers but also for decision makers such as 
executives, consumers, or voters. 
On a one-line diagram, the flows of electricity are represented in magnitude and 
direction by moving arrows. The proportions of current load to the maximum loadable 
capacity of transport equipment such as lines or transformers are represented by pie 
charts. If the power flow through the device gets higher than the maximum capacity or 
the voltage to the device is beyond the minimum and maximum acceptable voltage, the 
device will be automatically flagged. The PowerWorld Simulator allows increasing the 
situational awareness. 
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2.3 Power Flows 
The power flow, also called the load flow, is a program to compute the voltage 
magnitude and angle at each bus, real and reactive power circulating through all the 
transmission elements in an electric power system, and the power losses through the 
system under balanced three-phase steady-state conditions ([3], p. 280). The power 
flow solution in positive sequence is used to compute the initial conditions for transient 
stability. 
Within a large wind farm, several wind turbines are connected together by electrical 
underground wires called feeders. Their main characteristic is that they have a resistive 
component higher than the inductive component. The maximum allowable current flow 
in a feeder is determined by the nature of the cable, the nature of the soil, the depth of 
burial and whether or not the cable is crossing under a road. The actual flow in the 
feeder is checked against the maximum cable flow. Wind farms use special feeders to 
minimize the power losses and voltage drop. Within a single large wind farm, one uses 
different sections of cables (for examples, see the Appendix); the section of feeders 
within a wind farm is increased as the aggregation of currents from different wind 
turbines increases. A feeder may be composed of a three-phase cable or three single 
cables put together in way to produce a three-phase system. 
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During the power flow study, wind turbines are represented as fixed voltage sources, 
(PV) buses, delivering the maximum nominal active power and zero reactive power. A 
wind farm substation increases the medium voltage level to high voltage. An overhead 
power line connects the substation to the electrical grid. The pi equivalent will be used 
to represent both the substation and overhead power line in the simulation.  
Under abnormal conditions such as wind gusts, wind turbines can deliver more active 
power than normal. In such a condition, wind turbines will be shut down automatically. 
Pad mount transformers are transformers at the pedestal of the wind tower. They 
increase the voltage produced by the wind turbine to a medium voltage range to reduce 
power losses through the collector system. Since the impedance of the pad mount 
transformer is larger than the feeder cables, some studies neglect the feeder 
impedance. This thesis studies the validity of this approach. 
In this research, we have used data from a real wind farm to do different simulations.  
2.4 Short Circuits 
A short circuit results whenever two different parts of a power system, with different 
voltage levels, come in direct contact. Short circuits are caused when equipment 
insulation fails. Insulation failures may be caused by lightning or switching surges, which 
cause an over-voltage condition that breaks down the insulation. Short circuits also may 
be caused by insulation contamination (salt spray or pollution), mechanical problems, 
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uncontrolled wildlife, vegetation growth, and unintended equipment procedure ([3], p. 
355).  
Within a large wind farm, a short circuit can take place at different locations such as the 
terminals of the wind turbine, within a collector system, in the substation, or on the 
overhead power line. In each case, the short circuit current will be limited by the short 
circuit impedance between each wind turbine and the point of fault. 
 The wind turbine has a very different behavior from a conventional generator during a 
short circuit. All the mechanical power captured in the wind is transformed into 
electrical power, and during a short circuit, a very small percentage of electrical power is 
needed to compensate for the losses through the fault. A control action should be taken 
to tilt the blades to reduce the amount of produced active power.  
The current during a short circuit is several orders of magnitude bigger than normal. The 
time after which short circuits are removed by the protection system is expressed in 
terms of cycles or seconds. Short circuits should be removed as quickly as the thermal 
capacity of the collector will allow. The wind farm protection system should be reliable, 
selective, speedy, simple and economical. The opening and reclosing of different 
breakers within a large wind farm change dynamically the configuration of the overall 
wind farm. 
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Short circuits are called symmetrical if they happen simultaneously and identically on 
the three phases. Any other type of short circuit is called an asymmetrical short circuit. 
2.5 Transient Stability  
When a major disturbance as a short circuit appears to wind turbines, they react very 
differently from a synchronous machine. The synchronous machine will keep feeding 
the fault for as long as the protection devices do not disconnect the faulty section or the 
generator. The synchronous generator stays connected and It is said that it rides 
through the fault. During the fault, the synchronous machine is producing a very small 
amount of power to balance the losses of power through the collector system. The 
synchronous machine does not need to take reactive power from the grid and the 
voltage at the end of generator collapses almost to zero. 
During a major disturbance such as a short circuit, asynchronous wind turbine type 1 
experiences an important voltage drop. The type 1 wind turbine needs reactive power 
to maintain the magnetizing field between the rotor and stator. As voltage drops, it 
needs more reactive power from the grid in order to stay connected. More flow of 
reactive power from the grid to the wind turbine increases the voltage drop and power 
losses through the grid. In such a condition, type 1 wind turbines should be 
disconnected immediately from the grid. They cannot be used for large-scale production 
of electricity. 
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The asynchronous machine, type 3 wind turbines exhibit a very interesting behavior 
during short circuits. Due to the back-to-back solid-state electronic converter, a type 3 
wind turbine has the capability to feed back reactive power to the grid. This helps 
maintain higher voltage at the point of interconnection and contributes to the no-
voltage collapse.  
Z=R+jX
Pw + j Qw U1
U2
Load
PLD + j QLD 
Large electrical 
Grid.
 
Figure 2.2: Grid connection of wind power  
Consider the electrical network in Figure 2.2. The voltage V2 can be calculated as:  
  U2 = {- (2a1 – U1
2)/2 + [ (2a1 - U1
2)2/9  - (a1
2 + a2
2)]1/2}1/2 (2.1) 
where:              
 a1 = - R (Pw – PLD ) – X (Qw – QLD ) (2.2) 
 a2= - X (Pw – PLD ) + R (Qw – QLD ) (2.3) 
Equations (2.1), (2.2) and (2.3) show that the voltage V2 depends effectively on the 
reactive power injected from the wind turbine to the grid ([4], pp. 31-32). An injection of 
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power from the wind turbine node helps increase the voltage V2.  It is then a good 
decision to keep the wind turbine connected to the grid during short circuits as a way to 
improve the voltage stability at the faulted node and its neighborhood. This is called low 
voltage ride-through (LVRT). Robust conditions require that the type 3 wind turbine 
stays connected to the grid even if its voltage drops to zero, which is called zero voltage 
ride-through (ZVRT). 
Keeping the wind turbine connected during a transient fault also helps maintain the 
integrity of the automatic control system through the entire grid. The control of the 
electrical grid uses devices such as energy management systems (EMS), supervisory 
control and data acquisition (SCADA) or PowerWorld Retriever. Inside those systems, 
each variable state is represented and its relation with other variables modeled. A 
sudden disappearance of state variable from the wind turbine may bring instability to 
the overall system.  
The generic graph for LVRT is in Figure 2.3.  
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Figure 2.3: Low voltage ride-through simulator 
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The General Electric ZVRT and LVRT curves are shown in Figures 2.4 and 2.5 [5]. 
 
     Figure 2.4:  GE 1.5 and 1.6 MW ZVRT          Figure 2.5: GE 1.5 and 1.6 MW LVRT II            
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3. LARGE WIND POWER PLANT AGGREGATION 
3.1 Large Wind Farm Definition 
A large wind farm, illustrated in Figure 3.1, is a set of several individual turbines 
connected together in a large area of land or water [1].  Having many turbines on a large 
site also helps smooth the irregularity of wind due to the wind diversity.  
 
Figure 3.1: Generic wind power plant topology  
 A pad mount transformer is installed at the foot of each turbine. It increases the voltage 
level through an underground collector. The collector system is a set of feeders 
connecting all pad mount transformers both together and to the substation. The layout 
of a wind farm stays the same throughout its life unless an upgrade is considered. 
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 A large wind farm is connected to a grid as shown in Figure 3.1. It is a good approach to 
reduce its size by equivalencing all the wind turbines to a single machine for load flow 
and stability study as shown in Figure 3.2. Planning and operations engineers use 
powerful computers to predetermine the behavior of the grid. Introducing many new 
buses will tend to slow the computation speed and will be inappropriate. 
Large 
Grid
Wind Turbine
equivalent
Transmission
 line
Substation
Transformer
Collector
 equivalent
Pad Mount
Equivalent
P.O.I.
 
Figure 3.2: Aggregation of a large wind farm to a single WTG 
3.2 Equivalent Wind Turbine 
Reducing n wind turbines to a single wind turbine, the parameters for the equivalent 
machine are the active power      in megawatts, the reactive power     in megavolt 
amps reactive and the apparent power     in megavolt amps. The parameters are given 
by: 
                         (3.1) 
                        (3.2) 
                       (3.3) 
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We will be using the GE wind turbines in this research.  
3.3 Equivalent Pad Mount Transformer 
Reducing N pad mount transformers to a single transformer, the parameters for the 
equivalent pad mounted transformer are the apparent power     in megavolts amps 
and the equivalent impedance     . They are given by: 
                                    (3.4) 
        
         
 
  (3.5) 
3.4 Equivalent Collector System 
The equivalent collector system should capture the behavior of the large wind farm in 
terms of power losses and voltage drop. An algorithm for equivalencing the collector 
system has been developed by the National Renewable Energy Laboratory (NREL) to 
compute the equivalent collector impedance and susceptance [1]. 
                        ∑
             
  
 
   
  (3.6) 
         ∑     
 
     (3.7) 
where: 
-      is the impedance of a single line connecting the equivalent wind turbine to the 
substation. 
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-     is the impedance             of the      branch. 
-    is the total number of wind turbines connected to the bus i. 
- N is the total number of wind turbines to be aggregated. 
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4. DOUBLY FED INDUCTION GENERATOR  
4.1   Active Power Control 
A wind turbine converts wind energy to electric power. The power P extracted from the 
wind is given by 
                                      (4.1) 
where: 
-   is the air density in kg /  . 
-   is the area intercepting the wind in  . 
-   is the wind speed in m/sec. 
-     is the rotor efficiency. The coefficient     is given by 
            (     )   (1 -  
  )       (4.2) 
where:    is the ratio of downstream to upstream wind for a given position of blade 
pitch angle theta    in degrees. The maximum power is delivered for   = 1/3. The 
coefficient values of       for GE wind turbines are given in Figure 4.1 [5]. 
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Figure 4.1: Rotor efficiency     curves  
The control power objective of the wind turbine is to adjust the angle   so that for the 
given wind speed and direction, the extracted power plus losses can match the 
demanded electric power. The active power control model for a GE turbine is given in 
Figure 4.2.  
 
Figure 4.2: Active power control emulator  
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4.2   Reactive Power Control   
The control of reactive power delivered by a DFIG wind turbine is done by the solid-
state electric converter. The voltage at a given bus through the wind farm is monitored 
and compared to a reference value. The error is used by a PI controller along with the 
delivered active power at the time to determine the needed value of        to bring 
voltage to nominal value. The GE reactive power control model for a GE turbine is given 
in Figure 4.3 [5].    
 
Figure 4.3:  Reactive power control model  
 
 
22 
 
4.3  Voltage Control  
During transient regime, the voltage at the wind turbine should not exceed a threshold 
value. A fast regulator and a phase-locked loop (PLL) are used to limit the injected 
reactive power injected to the wind turbine. The control function is summarized in 
Figure 4.4 [5].  
 
Figure 4.4: DFIG generator / converter model  
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A complete model for a GE DFIG is provided in Figure 4.5 [5]. Different models of GE 
wind turbines have been developed in PowerWorld Simulator Beta 15. 
 
Figure 4.5:  Wind turbine model block diagram  
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PowerWorld Simulator will be used for the simulations of our different case studies. The 
exciter, governor, and stabilizer parameter values for GE wind turbines are the default 
per unit values and are taken from Clark et al. [5].  
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5. CASE STUDIES 
5.1 Description 
For validating the equivalencing of a large wind farm, testing on a large wind farm has 
been carried out. Four cases are investigated. 
 The large wind farm is composed of 120 GE DFIGs, each delivering 1.65 MW of 
active power. The wind turbine voltage is 600 V. One hundred twenty pad mount 
transformers increase the terminal wind generator voltage from 600 V to a medium 
level of 34.5 kV. The wind farm has 8 main 34.5 kV feeders. Feeders 9 to 14 make up the 
underground collector system. On each main feeder are connected 15 wind turbines. 
This case is identified as Case A diagrammed in Figure 5.1.  
 The large wind farm 120 * 1.65 MW is aggregated to 8 GE DFIGs, each delivering 
24.750 MW of active power. This case is identified as Case B in Figure 5.2. 
 The 8 * 24.750 MW GE DFIG will be aggregated to one single wind turbine 
delivering 198.0 MW with an equivalent medium voltage collector system. This case is 
identified as Case C diagrammed in Figure 5.3. 
 The 120 * 1.65 MW GE DFIG will be aggregated to one single wind turbine 
delivering 198.0 MW by simply ignoring the medium voltage collector system. This case 
is identified as Case D diagrammed in Figure 5.4. 
For all four cases, two simulations are carried out. 
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1. A power flow simulation is solved under normal conditions. The flows of power in 
terms of total active power and reactive power will be compared on common devices in 
the four cases. 
2. A three-phase fault through an impedance of      = 0 + j 0.08 p.u. on circuit 2 of 
the 345 kV line is simulated for transient stability study.
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Figure 5.1: Case A: large wind farm with 120 turbines 
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Figure 5.2: Case B: aggregation 120 to 8 turbines 
 
Figure 5.3: Case C: aggregation to 1 turbine with medium equivalent collector system 
 
Figure 5.4: Case D: aggregation to 1 turbine without medium equivalent collector 
system 
29 
 
5.2 Load Flow Analysis 
A load flow study for Cases A, B, C and D has been summarized in Table 5.1. The flows of 
active and reactive power delivered by the wind farm are the same: 193.7 MW and 39.3 
Mvar for Case A, 194.6 MW and 38.6 Mvar for Case B, 194.6.7 MW and 40.6 Mvar for 
Case C and 195.9 MW and 37.8 Mvar for Case D.  
Table 5.1: Power flow comparison for Cases A, B, C, and D 
Case A: Large wind farm with 120 turbines 
 Total Current Flow Total active Power Total Reactive Power 
Feeder 9 409.2 Amps 24.4 MW 1.3 Mvar 
Feeder 10 406.1 Amps 24.3 MW 1.5 Mvar 
Feeder 11 407.1 Amps 24.3 MW 1.4 Mvar 
Feeder 12 408.6 Amps 24.3 MW 1.5 Mvar 
Feeder 13 408.7 Amps 24.3 MW 1.5 Mvar 
Feeder 14 408.7 Amps 24.3 MW 1.5 Mvar 
Feeder 15 406.9 Amps 24.2 MW 1.5 Mvar 
Feeder 16 409.9 Amps 24.4 MW 1.3 Mvar 
Substation 326.4 Amps 193.7 MW 39.3 Mvar 
Case B: Aggregation to 8 turbines 
 Total Current Flow Total active Power Total Reactive Power 
Feeder 9 407.0 Amps 24.5 MW 1.2 Mvar 
Feeder 10 405.1 Amps 24.1 MW 1.5 Mvar 
Feeder 11 410.3 Amps 24.4 MW 1.2 Mvar 
Feeder 12 410.5 Amps 24.5 MW 1.2 Mvar 
Feeder 13 410.7 Amps 24.5 MW 1.2 Mvar 
Feeder 14 407.7 Amps 24.3 MW 1.5 Mvar 
Feeder 15 401.9 Amps 24.9 MW 1.8 Mvar 
Feeder 16 409.0 Amps 24.4 MW 1.4 Mvar 
Substation 326.8 Amps 194.6 MW 38.6 Mvar 
Case C: Aggregation to 1 turbine with medium equivalent collector system 
 Total Current Flow Total active Power Total Reactive Power 
Substation 323.7 Amps 194.6 MW 40.6 Mvar 
Case D: Aggregation to 1 turbine without medium equivalent collector system 
 Total Current Flow Total active Power Total Reactive Power 
Substation 329 amps 195.9 MW 37.8 Mvar 
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5.3 Transient Stability Plots 
A transient fault has been simulated on bus 2 and the voltage response at bus 3. 
The reactive and the active power delivered by the wind farm to the grid have 
been recorded in the four cases in Figures 5.5 to 5.8. 
             
Figure 5.5: Case A: wind farm 120*1.6 MW GE WTG   
             
Figure 5.6: Case B: aggregation to 8*24.7 MW GE WTG     
                 
Figure 5.7: Case C: aggregation to 1*198 MW GE WTG with 34.5 kV collector system   
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Figure 5.8: Case D: aggregation to 1*198 MW GE WTG without 34.5 kV collector 
system 
 A cross-plot of transient voltages in Figure 5.9, for a transient fault at bus 2,  the point 
between the wind farm substation and the overhead power line, shows that the 
voltages are the same in all cases. 
 
Figure 5.9: Cross-plot of voltages at bus 3 in Cases A, B, C and D 
The results of simulations, as summarized in Table 5.1, show that: 
1. The flows of current, active power and reactive power are the same for Case A 
and Case B on feeders 9 to 16.  
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2. The flows of current, active power and reactive power are the same for Case A, 
Case B and Case C in the substation. The flows of power in the equivalent 
representation of the large wind farm, Case C and Case D, capture the behavior 
of the large wind farm. 
3. The dynamic stability responses are identical for all cases. 
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6. LOW VOLTAGE RIDE-THROUGH  
6.1 LVRT with Fault outside the Collector System 
A symmetrical three-phase solid fault, through an impedance      = 0 + j 0 p.u., is 
simulated on  bus 2 as shown in Figure 6.1 by the red arrow. The fault is located outside 
of the 34.5 kV wind farm collector system.  
 
Figure 6.1: Low voltage ride-through study with fault at bus 2 
If the fault appears at 0.1 sec and is removed at 0.8 sec, the low voltage ride-through 
shows that the wind farm is able to recover all the total generation power as shown in 
the first plot of Figure 6.2. The time to clear the fault has been extended to reach the 
critical time, or stability limit of 0.833 sec. If the fault lasts for 0.733 sec or more, all 120 
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wind turbines will disconnect from the grid, and  there is a total generation loss as 
shown in the second plot of Figure 6.2. The analysis of terminal voltages on all wind 
turbines during the fault shows voltages within the lowest value of  0.198 p.u. and the 
highest value of 0.221 p.u. as shown on the last plot of Figure 6.2. 
Figure 6.2: Simulation results for symmetrical three-phase solid fault at bus 2 
For the same solid fault at bus 2, the low voltage ride-through has been simulated with 
the two aggregated models: one with the equivalent 34.5 kv equivalent collector system 
(Figure 6.3) and another without the equivalent 34.5 kv equivalent collector system 
(Figure 6.4).  
 
Figure 6.3: Low voltage ride-through with 34.5 kV equivalent collector 
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Figure 6.4: Low voltage ride-through without 34.5 kV equivalent collector 
 
The low voltage ride-through analysis shows that the two aggregated models are 
identical as shown in the two plots of Figure 6.5. The terminal voltage on bus 328 and 
the wind farm voltage at bus 3 have been represented. For the same fault conditions at 
bus 2, the three Cases A, C and D have the same stability limit time of 0.833 sec.  
 
Figure 6.5: Stability time limits for Cases C and D  
A symmetrical solid fault has been simulated outside of the collector system on bus 3, as 
diagrammed in Figure 6.6. The bus is located between the collector system and the 
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substation. For the fault at bus 3, the impedance of the substation does not contribute 
to the limitation of short circuit current from the large wind farm.   
 
Figure 6.6: Low voltage ride-through study with fault at bus 3 
The fault appears at 0.1 sec. During the short circuit, the voltages on all wind turbines 
drop from 1 p.u. to the lower range between 0.004 and 0.04 p.u. All the wind turbines 
will disconnect from the grid at the same time of 0.33 sec as shown in Figure 6.7. The 
analysis of aggregated models of 120 wind turbines to a single wind turbine with and 
without the 34.5 kV equivalent collector system (Cases C and D) gives the same results, 
as shown respectively in the second and the last plots of Figure 6.7.  
Bus 3 represents the line of symmetry as the wind turbines see the fault. For faults 
located between bus 3 and the point of interconnection to the grid, all wind turbines 
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have the same behavior in terms of the time they will trip from the grid. They are likely 
to trip at the same time.  
 
Figure 6.7: Simulations results for a solid symmetrical fault at bus 3  
 
6.2 LVRT with Fault within the Collector System 
A solid symmetrical fault, through an impedance      = 0 + j 0 p.u.,  has been simulated 
within the collector system on the feeder 9 between the two daisy-chains of 
respectively eight wind turbines (238 to 244) and seven wind turbines (246 to 252), at 
bus 230 as shown by  the red arrow in Figure 6.8. 
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Figure 6.8: Short circuit on the bus 230 within the collector system 
A monitoring of voltages on wind turbines has been performed on all wind turbines 
through the wind farm as shown in Figure 6.9. The plot of voltages shows that all wind 
turbines do not have the same terminal voltage during the short circuit. Wind turbines 
will trip at different times in accordance with the wind turbine LVRT curve.  
 
Figure 6.9: Low voltage ride-through study with fault at bus 2 
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The analysis of low voltage ride-through on each wind turbine on the faulted feeder 
shows that all the wind turbines from the last in the queue to the point of fault (wind 
turbines 238-245) have a lower voltage of 0.08 p.u. They will trip at time 0.317 sec. The 
feeder with very low impedance 0.002 + j0.00046 p.u. connects the bloc of 8 to the next 
bloc of seven wind turbines.  The voltage on the wind turbines 246-252 is also 0.08 p.u. 
They will trip at the same time, 0.317 sec. The rest of the wind turbines will trip at time 
1.333 sec marking a total wind farm disconnection from the grid. 
The fault on the last daisy-chain is likely propagating through the entire wind farm. In 
order to stop the propagation, a high impedance value is inserted by increasing 100 fold  
the impedance of the feeder between buses 223 and 230 during the short circuit. The 
plots of voltage during short circuit are given in Figure 6.10. 
 
Figure 6.10: LVRT with an increased feeder impedance during short-circuit 
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Voltages on the wind turbines 246-252 increase from 0.08 to 0.32 V. They will trip from 
the grid at 0.317 sec. We realize that in this case the wind farm is not going to trip as 
before at the time 1.333 sec. The fault will ride through for 0.484 sec more. The wind 
farm is going to disconnect totally from the grid at time 1.817 sec.  
A solid symmetrical fault has been simulated on bus 222 as diagrammed in Figure 6.11. 
The simulation shows the wind turbine 246 will have 0.078 p.u. volts during the fault 
and will trip at 0.317 sec as shown in Figure 6.12. The rest the turbines will be at the 
voltage level of 0.26 p.u and they will trip at same time 0.833 sec as shown in Figure 
6.12. The fault is propagating through the entire wind farm. 
 
Figure 6.11: Short circuit on bus 222 within the collector system 
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Figure 6.12: Simulations results for a solid symmetrical fault at bus 222  
During the fault, the impedance of feeder 15 will be increased 50 times to 0.0445+j0.6 
p.u., and the fault clearing time increased to 3.99 sec. The low voltage ride-through 
analysis shows that the wind turbines 238-252 will trip and any other wind turbine will 
disconnect from the grid in spite the presence of the short circuit. The wind farm is able 
to deliver 155 MW to the grid during the short circuit as shown in Figure 6.13.  
 
Figure 6.13: LVRT with an increased feeder impedance during short-circuit at bus 222  
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During a short circuit within a large wind farm, the number of wind turbines tripping can 
be reduced by increasing the impedance of the feeder connecting the point of fault to 
the rest of the collector system. The insertion of impedance on the faulted feeder will 
also increase the stability limit time of the wind farm. An insertion of resistance will 
cause an increase of active power losses through the wind farm. An increase of 100 
times has been done only on the reactive impedance component of feeder 15. The 
impedance of the feeder has been increased from 0.0089+ j0.006 p.u. to 0.0089+ j0.6 
p.u. The low voltage ride-through simulation gives better results, as summarized in 
Figure 6.14. There is a net increase of wind farm voltage during the short-circuit.  
 
Figure 6.14: Improved LVRT using a self-impedance to increase the line impedance  
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An aggregated model cannot be used to determine why some wind turbines trip and 
others do not in a large wind farm, nor can it determine the sequence in which they will 
disconnect from the grid. 
Faults within a large wind farm are likely to appear anywhere within the wind farm; a 
number of points can be identified at the sectionalizing post to buffer the propagation 
of the fault. A proposal for the wind farm under study will be to insert self-impedance at 
the sectionalizing post, between bus 3 and the feeder. A smart system will locate the 
position of the short circuit, identify the faulted feeder (feeder 9 to 15) and insert a self-
impedance in series with the faulted feeder during the short circuit. 
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7. CONCLUSIONS AND FUTURE WORK 
Through this research, it is shown that: 
 A large wind farm using the GE DFIG wind turbines can be consistently 
aggregated to one equivalent machine for load flow and transient stability studies.  
 The low voltage ride-through response can be improved by inserting a self-
impedance between the faulted feeder and the rest of the large wind farm during the 
fault. This impedance will reduce the number of wind turbines tripping during the fault, 
and increase the voltage stability of the wind farm.  
 
In our simulation, a large wind farm with 410 buses has been aggregated to an 
equivalent wind farm with 5 buses. This represents a reduction in size of the large wind 
farm by 99 % and is an important savings of resources and time. 
 
Future work will include the introduction of an automatic tool in the PowerWorld 
Simulator to do the equivalencing of a large wind farm to a single machine for any 
layout of the wind farm, and modeling for dynamic study of other wind farm turbines 
available on the market. 
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APPENDIX 
PRYSMIAN’S GUIDE TO WIND FARM CABLES  
 
Indicative values of wind farm cables impedance are given in the Figure A.1. 
 
 
Figure A.1: Details from “Prysmian’s Guide to Wind Farm cables” [6] 
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